performance. The actuator nonlinearity compensation techniques are published in (Jang, 2009) for saturation, in (Jang, 2005) for deadzone, and in (Jang & Jeon, 2006) for backlash. In this paper, we present the deadzone compensation method for a mobile manipulator using fuzzy logic. A rigorous design procedure with proofs is given that results in a kinematic tracking loop with an adaptive FL system in the feed forward loop for deadzone compensation. We derive a practical bound on tracking error from the analysis of the tracking error dynamics and investigate the performance of the FL deadzone compensator in a mobile manipulator through the computer simulations. This paper is as follows. Section 2 provides the mobile manipulator. The FL deadzone compensation is derived in Section 3. The proposed FL deadzone compensation scheme is developed in Section 4. Simulation results of the FL deadzone compensation scheme are given in Section 5. Finally, conclusions are included in Section 6.
Mobile manipulator
Consider a mobile manipulator mounted on nonholonomic mobile platform, as shown in Fig. 1 . The dynamics of a mobile manipulator subject to kinematics can be obtained using Lagrangian approach in the form (Yamamoto & Yun, 1996) ()
T d M qq Cqqq Fq Gq
Bq A q τ τλ
where kinematic constraints are described by is the vector of constraint forces. In (1), the following properties hold (Lewis et al., 1999) .
Property 1 (Skew Symmerricity)
The generalized coordinates q may be separated into two 
www.intechopen.com represents the actual torque vector of the constrained coordinates, those related to the constrained motion of the wheels, the joints, and the end effector. For simplicity in the theoretical derivation, hereafter we consider only the case where the vehicle motion is constrained. However, the proposed theory can be easily extended to include joint and/or end-effector constraints. It is straightforward to show that the following properties hold. Property 2 : 
According to (7) , it is possible to find an auxiliary vector time function ( )
and its derivative is
Equation (8) 
Multiplying both sides of (10) by T S and using (7) to eliminate the constraint force we obtain 11 12 11 12 1 1 1
Substituting (8) and (9) into (11) yields 11 11 12 11 12 1 1 1
Let us rewrite (12) in a compact form as τ some positive constant, and
11 2 1 2 1 1 ()
1 f consists of the gravitational and friction force, the disturbances on the vehicle base, and the dynamic interaction with the mounted manipulator arm which has been shown to have significant effect on the base motion, thus it needs to be compensated for (Yamamoto, 1994) M qC q + ), the gravitational and friction force vector, and the disturbance on the manipulator. Equation (8), (13), and (18) form the complete dynamic model of the mobile manipulator subject to kinematic constraints. The Lagrange formulism is used to derived the dynamic equation of the mobile manipulator. The dynamical equations of the mobile manipulator in Fig , 21 000 000
Similar dynamical models have been reported in the literature, for instance in (Yamamoto, 1996) the mass and inertia of the driving wheels and manipulator are considered explicitly.
Fuzzy logic deadzone compensation
In this section a FL precompensator is designed for the non-symmetric deadzone nonlinearity. It is shown that the FL approach includes and subsumes approaches based on switching logic and indicator functions (Recker et al., 1991) . This brings these references very close to fuzzy logic work in (Kim et al., 1994) , and potentially allows for more exotic compensation schemes for actuator nonlinearities using more complex decision (e. g. membership) functions. This section provides a rigorous framework for FL applications in deadzone compensation for a broad class of mobile robot.
If u ,τ are scalars, the nonsymmetric deadzone nonlinearity, shown in Fig. 3 , is given by
= characterizes the width of the system deadband. In practical control systems the width of the deadzone is unknown, so that compensation is difficult. Most compensation schemes cover only the case of symmetric deadzones where dd −+ = . The nonsymmetric deadzone may be written as
where the nonsymmetric saturation function is defined as ,
,.
To offset the deleterious effects of deadzone, one may place a precompensator as illustrated in Fig. 4 . There, the desired function of the precompensator is to cause the composite throughput from w to τ to be unity. The power of fuzzy logic systems is to that they allow one to use intuition based on experience to design control systems, then provide the mathematical machinery for rigorous analysis and modification of the intuitive knowledge, for example through learning or adaptation, to give guaranteed performance, as will be shown in Section 4. Due to the fuzzy logic classification property, they are particularly powerful when the nonlinearity depends on the region in which the argument u of the nonlinearity is located, as in the non-symmetric deadzone. A deadzone precompensator using engineering experience would be discontinuous and depend on the region within which w occurs. It would be naturally described using the rules 
One may write the precompensator as
where F w is given by the rule base
The output of the fuzzy logic system with this rule base is given by 
where the fuzzy logic basis function vector given by
is easily computed given any value of w . It should be noted that the membership functions (24) are the indicator functions and () Xw is similar to the regressor (Tao & Kokotovic, 1992) . The composite through from w to τ of the FL compensator plus the deadzone is 
The FL compensator may be expressed as follows
where d is estimated deadzone widths.
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Given the FL compensator with rulebase (26), the throughput of the compensator plus deadzone is given by
where the deadzone width estimation error is given by
and the modeling mismatch term δ is bounded so that || M δ δ < for some scalar M δ .
FL deadzone compensation of a mobile manipulator
In this section, FL deadzone compensation and tuning laws will be derived for the stable joint space tracking of a mobile manipulator described by (8), (13), and (18). The mobile manipulator dynamics is redefined as an error dynamics based on a set of carefully chosen Lyapunov functions. FL deadzone compensators are constructed and new learning laws are proposed. A proof on the tracking stability of the overall closed loop system and the boundedness on FL deadzone estimation errors are provided. The proposed control structure is shown in Fig. 4 . Consider the vehicle dynamics represented by (8) and (13). Tracking control of the steering system (8) has been extensively addressed in the literature (Dixon et al., 2000) . For example, for a wheeled mobile robot with two independent actuated wheels, the kinematic parameters in (8) and nonlinear velocity feedback laws for (34) can be found in (Kanayama et al., 1990 ) to achieve the asymptotic tracking. For instance, the following feedback velocity input guarantees that the position tracking of (35) 
Equation (44) 
In the proposed Lyapunov function 4 V , 1 V is used to account for the nonholonomic steering system (8), and the second term accounts for the vehicle base and manipulator arm dynamics, as well as the dynamic couplings between two.
From (57) 
Differentiating (58) yields
Substituting ( 
where the four terms in (43) are negative. From the definition of 1 f in (15) and (51), (52) 
From the definition of 2 f in (9) and (54) (29), which gives the overall feedforward throughout (32). Substituting (69) and (32) into (66) 41 2 12 14 1 
Let the estimated deadzone widths be provided by the FL system tuning algorithm www.intechopen.com where 6 k is positive definite design parameter. By properly choosing the control gain and design parameter, tracking errors of error dynamics described by (8), (44), (53) 
From (71), (73) 
proposed FL deadzone compensation shows an improvement in trajectory response compared with the dynamic controller. The velcocity error, angular velocity error for vehicle, and the estimates of deadzone widths are shown in Fig 7(c) -(e). www.intechopen.com
Conclusions
The FL deadzone conpensation with a linear controller for tracking of a mobile manipulators has been developed. In fact, perfect knowledge of the mobile manipulator parameters is unattainable, e.g., the deadzone nonlinearity is very difficult to model by conventional techniques. To confront this, an FL deadzone compensation with guaranteed performance has been derived. The proposed control scheme is shown to be asymptotically stable through theoretical proof and simulation with a mobile manipulator.
